The study presents the method of ultrasonic projection imaging of biological media, using single ultrasonic probes and 2-D piezoelectric transducer arrays. Dedicated research stands were set up and used to perform ultrasonic projection scanning of various biological media (and phantoms of the media) that were submerged in water. Based on such measurements images of the heterogeneous internal structure of the studied objects were obtained, that show two-dimensional distributions of the projection values of acoustic parameters. Those parameters were derived from recorded pulses of ultrasonic wave transmitted sequentially through a fixed projection surface. The obtained projection images were analysed with respect to the method and quality of representation of the studied structures. Additionally, contrast resolution of ultrasonic projection images of the heterogeneous structure of a biological medium was estimated in relation to the size of the heterogeneity and with respect to scanning resolution and longitudinal resolution. Ultrasonic projection imaging can be applied in medicine for diagnostic examination of women's breast.
INTRODUCTION
The method of projection utilizing ultrasonic waves (UP) can be used to visualise the biological structure [1, 2, 3] , in a similar way as in case of roentgenography (RTG) [4] . If a source generating a plane ultrasonic wave (parallel beam rays) is used, a parallel projection image will be obtained. If a source generating a spherical ultrasonic wave is used (divergent beam rays), it will be an image in central projection. It is also possible to use a cylindrical wave source (beam rays are divergent in one plane and parallel in a perpendicular plane) -central-parallel projection. The effects related to propagation of ultrasonic waves in biological structures (scattering, diffraction, interference, refraction and reflection) cause slight deformations of the projection image provided the local values of ultrasound velocity in the studied structure are not significantly diversified, and this condition is met for most soft tissues [5] .
One essential advantage of ultrasonic diagnostics in comparison to RTG is that it is non-invasive. As a result it is possible to obtain a multiple projections of a studied biological structure from many different directions. This method of measurement data acquisition allows heterogeneity borders of the internal structure to be reconstructed in three dimensions [6] . Since the transmission method is used, it is also possible to get twice the level of amplitude of ultrasonic received pulses in comparison to echo method. Additionally, it is possible to image several acoustic parameters which are digitally determined on the basis of information obtained directly from ultrasonic pulses propagating through a biological structure (amplitude, runtime, mid frequency down-shift, received pulse spectrum). Using this method it is possible obtain several various projection images, each of which is characterised of slightly different structure features [3] (e.g. distribution of projection values of attenuation coefficient and ultrasonic wave propagation velocity, derivative of attenuation coefficient in relation to frequency, nonlinear acoustic parameter B/A). Such complex projection characteristics can be of significant importance in e.g. the process of diagnosing cancerous lesions in soft tissues.
PROJECTION IMAGING WITH PAIR OF SINGLE ULTRASONIC PROBES
The designed computer assisted measurement set-up utilized to measure biological structures by means of ultrasonic projection with the use of a pair of single ultrasonic probes is shown in Fig.1 [3] . This set-up is used to obtain images in parallel projection. Scanning of objects submerged in water was realised using two ultrasonic probes, which function as a transmitter and receiver of ultrasonic waves. The probes are positioned along an axis opposite one another and are moved meandrically with a specified step and in a determined object plane. The probes' movement is controlled using computer software that steers XZ shift arms via an RS232 bus. The sending probe is powered with multi-periodic sinusoidal pulses (burst). The pulses received by the receiving probe, using a digital oscilloscope, are sent via an RS232 bus to a computer and saved on a HDD. Projection values of the appropriate acoustic parameters determined from particular received pulses are imaged in contour form with rainbow colours or greyscale and in pseudo-3D form using special software that also makes advanced image processing possibility.
The designed research set-up ( Fig.1 ) was utilized to perform ultrasonic projection measurements of several 3-D biological objects in various scanning planes. The images showing parallel projection of three different acoustic parameters in the object's structure: propagation velocity, attenuation derivative in relation to frequency and ultrasonic waves attenuation after they passed through the object, were obtained on the basis of a set of registered received pulses in a given scanning plane with the step (lateral and horizontal resolution) of respectively x = 1.5 mm, z = 1.5 mm. Fig.2 shows selected projection images for one of the studied objects -a hard boiled chicken egg with removed shell, submerged in a tank filled with distilled water (temperature t = 24 °C). Water was used as a coupling medium. The measurements were performed using two ultrasonic sending-receiving transducers, which had 5 MHz operating frequency (wave length in soft tissue is Ȝ = 0.308 mm), 5 mm diameter and were mechanically moved meandrically in the measurement plane ( Fig.1 ) with 1.5 mm step. The distance between the transducers submerged in water was l = 10 cm. The ultrasound velocity value in water determined from measurements was c w = 1493.74 ± 0.12 m/s and the ultrasonic wave attenuation value was Į w = 4.90 ± 0.05 dB/m. a) b) c) FIGURE 2. Ultrasonic projection images of hard boiled chicken egg with had its shell removed and was submerged in water, determined from measurements of: a) ultrasonic wave pulse runtime -ultrasound velocity image, b) down-shift of the mid frequency of ultrasonic wave pulse after it passed through -image of derivative of ultrasound attenuation in relation to frequency, c) pulse amplitude of ultrasonic wave after it passed through -ultrasound attenuation image.
The solid line on the images shows distribution of values of particular parameters for pixels along the marked dashed line for z = 0 (Fig.2) . Negative values of the derivative of ultrasonic wave attenuation in relation to frequency in the image visible in Fig.2b are a result from the errors in measurements of the pulse's mid frequency down-shift after it passes near the edges of the structures, where signal loss and dropout often occurs due to diffraction and refraction. Consequently, the projection image of ultrasound velocity distribution shows step changes in values in the egg white/yolk border area (for t = 20°C, f = 2 MHz, c _boiled_egg_white = 1521 ÷ 1536 m/s, c _boiled_egg_yolk = 1504 ÷ 1510 m/s, Į _boiled_egg_white = 30 ÷ 70 dB/m, Į _boiled_egg_yolk § 307 dB/m [7, 8, 9] ).
PROJECTION IMAGING WITH 1024-ELEMENT ULTRASONIC 1-D RING PROBES
The designed computer assisted measurement set-up utilized to measure biological structures by means of a 1024-element ultrasonic 1-D ring probe is shown in Fig.3a [10] . Data acquisition on the measurement set-up is realised in central projection (divergent beam geometry with a constant angular distance) and the obtained images are transformed into parallel-ray geometry using a special resorting algorithm [11] . The scanning sequences are realised by adequate switching of transmitting transducers together with their corresponding receiving transducers for each position of the probe that is mechanically moved horizontally (Fig.3b) . Sending-receiving transducers of an ultrasonic ring probe (width 0.5 mm, height 1.8 mm, pitch 0.7 mm, operating frequency 2 MHz, wave length in soft tissue Ȝ = 0.77 mm) are activated, when transmitting, from a generator by multi-periodic sinusoidal pulses (burst) via a voltage amplifier system and a demultiplexer system. The signals passing through the studied biological medium are received by means of a multiplexer and a low noise amplifier. The received signals are recorded by a computer (using a computer card for acquisition of signals with sampling frequency of up to 250 MHz), which by means of suitable software with acoustic parameter measurement algorithms is used to obtain ultrasonic projection images of the studied biological medium.
One sending transducer and several hundred (usually 511) receiving transducers operate during one of the multiple measurement cycles. The number of receiving transducers depends on the size of the studied object. In order to accelerate data acquisition, it is possible to reduce the number of measurement cycles at the expense of lower scanning resolution or use parallel-ray scanning directly (in this case with various length of the individual measurement rays and various distances between them, that need transformation). If all 1024 measurement cycles are used, it is possible to obtain 1024 ultrasonic projection images around the object with an angular step of ~ 0.35º, as well as to reconstruct quantitative tomographic images of the three-dimensional distribution of local values of acoustic parameters in the structure of the studied objects [6, 12] . The designed research set-up ( Fig.3 ) was utilized to perform ultrasonic projection measurements of threedimensional women's breast phantoms used for ultrasonography assisted biopsy training. The reconstructed images showing parallel projection of three different acoustic parameters in the object's structure: propagation velocity, attenuation and derivative of ultrasonic wave attenuation in relation to frequency, were obtained on the basis of a set of registered received pulses in one scanning plane (on the longest phantom side) with the step of x = 0.4 mm (after transformation), z = 2 mm. Fig.4a shows a selected image of the distribution of the projection values of ultrasound attenuation coefficient in greyscale, from black to white (with the contrast adjusted accordingly) for one of the studied objects -a CIRS Model 052A breast phantom submerged in a tank filled with distilled water (temperature t = 23.1 °C). Water was used as a coupling medium. The phantom was placed on a stand in a way that simulates horizontal body position (in coronal plane -the base was perpendicular to the surface of the transducers). According to manufacturer's specifications, the studied phantom has 6 amorphous (not spherical in shape) 8 ÷ 15 mm green inclusions that imitate cysts and 6 amorphous 6 ÷ 12 mm red inclusions that imitate tumour lesions. The position of the inclusions in the phantom is random. One of the advantages of the phantom, in relation to its use for ultrasonic transmission studies in water, is its smooth surface, which minimizes attenuation of oblique incident ultrasonic wave. The average value of the coefficient of ultrasound attenuation in water during the measurements was respectively Į water § 0.8 dB/m and in the phantom gel Į gel § 30 dB/m. The solid line on the projection image in sagittal plane shows the distribution of the values of ultrasound attenuation coefficient for pixels along the marked dashed line for z = 0 (Fig.4) . Negative values of attenuation result from the errors in measurements of pulse amplitude after it passes near the edges of the structures, where signal loss and dropout often occurs due to diffraction and refraction.
In order to obtain standard 3-D structure of the studied CIRS Model 052A phantom, it was measured by means the computed tomography method (CT) using X-rays with resolution of x = y = 0.52 mm, z = 0.63 mm. During measurements the phantom was positioned in a way that simulates vertical body position (in sagittal plane, the base was parallel to the gantry). From the layered images in coronal planes that were obtained using multiplanar reconstruction (MPR), it was possible to acquire images in sagittal planes. Based on them, the shapes of all the separate heterogeneities in the phantom's structure was rendered in Fig.4b , by means of placing them over one another in the order in which they appear in the images from front to back cross-sections (inclusion numeration). Inclusions characterised by lower X-ray attenuation in comparison to phantom gel (cysts) are marked with blue, and those characterised by higher attenuation (tumours) are marked with orange. This was a method used to simulate an enhanced mammographic image, without the need to mechanically compress the phantom. It was also discovered that the structure of the phantom had air bubbles (marked with dark grey).
a) b)
FIGURE 4. Ultrasonic projection image of the studied biopsy CIRS Model 052A breast phantom, submerged in water, determined from measurements of pulse amplitude of ultrasonic wave after it passed through -ultrasound attenuation image (a) and the shapes of all the separate heterogeneities in the phantom's structure, rendered from CT images in sagittal projection (b).
When doing comparative analysis of images in Fig.4 it is necessary to consider the movement of inclusions in the structure of the soft gel, resulting from uneven phantom deformation during projection tests in horizontal (Fig.4a ) and vertical position (Fig.4b) . The projection image of ultrasound attenuation (Fig.4a) shows air bubbles as light pixels. This is similar to the appearance of errors resulting from projection measurements on the phantom edges. Large areas, like the cysts, are easiest to identify in the ultrasonic projection image.
PROJECTION IMAGING WITH 512-ELEMENT ULTRASONIC 2-D ARRAYS
The designed computer assisted measurement set-up utilized to measure biological structures by means of 512-element ultrasonic 2-D arrays is shown in Fig.5 [3,13,14,15] . Use of specially designed multielement ultrasonic projection arrays with fast electronic elementary transducers switching [3] makes it possible to acquire images in pseudo-real time (e.g. with minor constant delay for data buffering and processing). A device utilizing this method can be called an ultrasonic transmission camera (UTC) [1, 2, 3] . Elementary piezoceramic transducers of the transmitting array are activated with multi-periodic sinusoidal pulses (burst) by means of a generator controlled via a GPIB connection from a computer. The computer also controls activating the sending and receiving array transducers using designed and programmed circuits of electronic switches. The signals received by the elementary piezoceramic transducers of the projection receiving array are amplified and acquired by means of a DAQ computer oscilloscope card and registered on a HDD. The projection values of acoustic parameters that are later used for visualisation are obtained from registered signals using dedicated software. The designed measurement set-up makes it possible to use three different types of constructed pairs of transmitting and receiving ultrasonic arrays: standard [16] , passive [14] and active [13] . Standard arrays have separate electrode attachments for each elementary transducer [16] . Passive arrays make it possible to reduce the rather large number of electric connections and miniaturize the whole system by using row-column selection of active transducers [14] . Furthermore, in order to eliminate crosstalk between transducer in a passive array it is possible to use active elements (switches) in the nodes of the array [13] , so that every transducer is activated by its own separate switch.
One of the biological objects of the projection measurements performed using the designed ultrasonic transmission camera (Fig.5) was a boiled chicken egg that had its shell removed and was submerged in distilled water. Fig.6a shows an image (in rainbow colours) of the distribution of projection values of ultrasound velocity in longitudinal section of the studied egg in the resolution of 32 x 16 pixels (with pixel size of 2.5 mm). A similar image of the distribution of the frequency of ultrasonic wave pulses after it passed through (directly proportional to Į o = Į/f [3, 11] ) in longitudinal section of the same egg is shown in Fig.6b.   a) b) FIGURE 6. Ultrasonic projection images of hard boiled chicken egg with had its shell removed and was submerged in water, determined (using a 2-D ultrasonic passive matrix) from measurements of: a) ultrasonic wave pulse runtime -ultrasound velocity image, b) mid frequency of ultrasonic wave pulse after it passed through.
The measurements were performed using a pair of ultrasonic 2-D passive arrays (transmitting and receiving), consisting of 512 elementary transducers (width 1.6 mm, height 1.6 mm, pitch 2.5 mm, operating frequency 1.8 MHz, wave length in soft tissue Ȝ = 0.856 mm) in a 16 rows and 32 columns setup, electronically switched in the measurement plane (Fig.5) .
PROJECTION IMAGE RESOLUTION
Lateral resolution of ultrasonic projection imaging (or scanning density/resolution on the X axis) depends on the shift step of the pair of single ultrasonic probes (Fig.1) , resolution of the ring probe (the number, width, spacing of the elementary transducers) or the resolution of ultrasonic 2-D arrays (the number, width and spacing of the elementary transducers). Lateral resolution should not limit the longitudinal resolution.
Longitudinal resolution of ultrasonic projection imaging (along the wave beam path), determining sharpening in an image of the borders of the detected heterogeneities, can be estimated to be 0.5Ȝ ÷ 2Ȝ. This resolution depends on the length of the ultrasonic wave pulse received after it passed through a biological medium.
Vertical resolution of a projection image (height, on the Z axis) primarily depends on vertical scanning density (layer thickness), with a limitation resulting from the transducer's height.
Longitudinal, lateral and vertical (spatial) resolution of ultrasonic projection images is additionally reduced depending on the difference between the value of the acoustic parameter inside a heterogeneous structure and outside of it, as well as based on the size of the structure (so called contrast resolution). It is therefore possible to identify a heterogeneous area in a projection image on condition that the average value of the acoustic parameter (measured on the path of ultrasonic wave beam from the transmitter to the receiver that passes through the heterogeneous area) is different from the that value for the surrounding to a degree that can be measured. Additionally, the size of the heterogeneity should not be lower than the scanning resolution and wave length. In other words, the projection image contrast resolution affects spatial resolution and vice versa. It is also dependent on the studied structure.
Examples of estimations performed for glandular tissue of breasts (c = 1515 m/s) with a spherical inclusion in the central area show that if the total precision of determining the values of ultrasound velocity is 0.01 m/s (when ignoring measurement uncertainty which can be much higher depending on the measurement set-up and conditions, as well as noise and interference), it will be possible to distinguish, in the projection image, heterogeneous areas differ from the surrounding tissue in the value of ultrasound velocity: 1 m/s with the size > 2.3 mm, 2 m/s with the size > 1.2 mm, 5 m/s with the size > 460 ȝm, 10 m/s with the size > 240 ȝm, 15 m/s with the size > 160 ȝm, 20 m/s with the size > 120 ȝm. The calculated contrast resolution increases with decreasing relation between transmitterreceiver distance and inclusion size. Change of ultrasound velocity in the coupling medium (water) surrounding the examined tissue has negligible influence. Heterogeneous areas are usually diversified in terms of shapes and sizes. In such cases, the heterogeneous areas will be visible in projection measurements for some projection planes and not visible for others. Additionally, a strict limitation is in effect related to longitudinal resolution dependent on wavelength.
CONCLUSIONS
An analysis of the obtained results shows that the 3 visualised distributions of the projection values of acoustic parameters of biological media structure: ultrasound velocity c, derivative of ultrasound attenuation coefficient in relation to frequency Į o = Į/f and ultrasound attenuation coefficient Į are perfectly complementary to one another (Fig.2, Fig.5 ).
Projection image of ultrasound velocity distribution (Fig.2a, Fig.5a ) makes it possible to distinguish from the background heterogeneous areas the values of which are lower than the surrounding (cysts) by as little as a single [m/s]. Since projection imaging method is used, heterogeneities for which the velocity values are slightly higher than the surrounding (compact tumours) are not as easy to distinguish. One of the disadvantages of this imaging method is that it produces fuzzy edges, which may result in errors in evaluation of the size of inclusions.
Projection image of distribution of derivative of the ultrasound attenuation coefficient in relation to frequency (Fig.2b, Fig.6b ) is better for visualising edges than continuous changes. Additionally, the derivative values are distorted as a result of received pulses being overlapped by side and multiple reflections and interference as well as a result of assuming linear changes of ultrasound attenuation with frequency. This image, however, allows the size of heterogeneous areas to be estimated in a more effective way, than projection image of ultrasound velocity (compare Fig.2a,b) .
Projection image of the distribution of attenuation coefficient indirectly visualises continuous and stepped changes (Fig.2c, Fig.4a ). It is a perfect complement of projection images of ultrasound velocity and ultrasound attenuation derivative, as it is usually characterised by significant diversification of values of attenuation coefficient in inclusions, in comparison to the background. It makes it possible (with increased contrast) to identify, on the image, many heterogeneities overlapping in a cross-section (Fig.4) .
Projection images of the studied biological media and their phantoms, obtained on the designed laboratory setups (Fig.1, Fig.3 and Fig.5 ) are low quality mainly due to low resolution of projection measurements. Nevertheless, the results are very promising, because they make it possible to visualise diversification of the structure of the media.
As it gives the possibility to adjust the scanning resolution, it is advisable to mechanically move the pair of single-element ultrasonic probes for best image quality (Fig.1) . Unfortunately, long measurement time means this method cannot be used for in vivo examinations.
A relatively short measurement time and good resolution of projection images can be achieved, using a ring probe (Fig.3) ; in this case it is also possible to perform projection scans from any direction around the studied object. One disadvantage of this method is that it is necessary to use transducers with substantial height (due to limited width and the requirement to achieve large ultrasonic wave intensity in the studied medium) and proportionally low frequency (increasing frequency results in higher longitudinal resolution but also higher attenuation). Significant height of the transducers, in turn, compromises vertical resolution.
Projection visualisation of biological media in pseudo-real time (ultrasonic transmission camera) is made possible by 2-D ultrasonic arrays (Fig.5) . However, the design of such arrays is very sophisticated due to small sizes of elementary transducers, switching, the required repeatability of the parameters of the arrays and the method of attaching electrodes. Scanning resolution can be increased, when the array transducers and the distances between them are as small as possible. In order to increase the intensity of ultrasonic wave generated in the studied medium, it is possible to use phase focusing or a synthetic aperture [17] .
Ultrasonic projection imaging can be applied in medicine for diagnostic examination of women's breast or limb examinations and similarly for roentgen mammography, while eliminating the need to expose patients to the harmful ionising radiation. [1, 2, 12, 18] .
